In humans and mice, the sex of a developing embryo is determined by one or more genes on the Y chromosome (8, 16, 40) . The ZFY gene, located in the sex-determining region of the human Y chromosome, may serve as the primary sex-determining signal (33) . ZFY encodes a protein with 13 Cys-Cys-His-His zinc fingers, a nucleic acid binding motif first described in Xenopus transcription factor IIIA (4, 29) . Homologs of ZFY are found on the Y chromosomes of all placental mammals examined. A related gene, ZFX, is also conserved among mammals and has been mapped to the X chromosome in both humans (33) and mice (30, 31 ; D. C. Page, C. M. Disteche, E. M. Simpson, A. de la Chapelle, M. Anderson, T. Alitalo, L. G. Brown, and P. Green, Genomics, in press). The zinc finger domains of human ZFY and ZFX are 97% identical, suggesting that the two proteins may recognize the same DNA or RNA sequence (39) . ZFY and ZFX may both function in sex determination (33) .
Two zinc finger genes, Zfj-J and Zfr-2, are located in the sex-determining region of the mouse Y chromosome (33) . This is the result of an intrachromosomal duplication that occurred during mouse evolution (24) . The two mouse Zfy genes may encode functionally redundant products; both genes are transcribed in the adult testis, and the predicted proteins are 95% identical. Both Zfy proteins are composed of two domains: an amino-terminal region that is highly acidic and a carboxy-terminal domain that contains 13 zinc fingers (1, 25) . The combination of an acidic activating region and a DNA-binding motif is characteristic of several eucaryotic transcription factors, e.g., yeast GAL4 and GCN4 and the mammalian glucocorticoid receptor (11) (12) (13) 23) . Thus, the putative sex-determining genes Zfy-1 and Zfy-2 appear to encode sequence-specific activators of transcription.
In this report, an analysis of cDNA clones demonstrates that Zfx encodes a protein that is 70% identical to mouse Zfy-1 and Zfy-2. Like the Zfy proteins, Zfx is predicted to have a two-domain structure, with an acidic amino-terminal region and 13 zinc fingers in the carboxy-terminal half. Zfx and Zfy proteins may both function in the mouse as sequence-specific transcriptional activators, as substantiated here by the ability of their acidic domains to activate transcription in yeast cells.
MATERIALS AND METHODS
Northern (RNA) and Southern blotting. Poly(A)+ RNAs were prepared from FVB/N mouse tissues or whole embryos as previously described (25) . DNA inserts of plasmids were purified, radiolabeled by random-primer synthesis, and hybridized to RNA or DNA blots for 16 h at 370C (low stringency), 420C (medium stringency), or 470C (high stringency) as previously described (25, 33) . The nylon membranes were washed three times for 30 min each at 50'C (low stringency), 600C (medium stringency), or 650C (high stringency) in 0.lx SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) 40 .1% sodium dodecyl sulfate and exposed at -80°C for 1 to 7 days to X-ray film backed by an intensifying screen.
Cloning and nucleotide sequence analysis. cDNA libraries were prepared from FVB/N newborn liver poly(A)+ RNA as previously described (25) . Following ligation to EcoRI adaptors, the double-stranded cDNA was size fractionated by agarose gel electrophoresis. After Zfx cDNA pDP1115 was cloned into the NcoI and XbaI sites of the modified Bluescript vector. ClaI-XbaI fragments from the resulting clones were inserted into the ClaI and XbaI sites of pGG25AX, a single-copy yeast plasmid which expresses GAL4(1-148) from an ADH1 promoter. The resulting GAL4-Zfx and GAL4-Zfy-2 fusion plasmids are, respectively, pDP1199 and pDP1200. The net charge on these portions of Zfx (residues 1 to 330) and Zfy-2 (residues 1 to 314) was calculated as the sum of acidic residues (glutamic and aspartic acid) minus the sum of basic residues (arginine and lysine).
Yeast transformation and assay of 0-galactosidase activity.
GGY1:SV15 is a AGAL4 yeast strain bearing an integrated GAL1:lacZ fusion with a single near-consensus GAL4-binding site upstream (9) . pDP1199 and pDP1200, as well as plasmids expressing intact GAL4 (pGG22) or the GAL4 DNA-binding domain alone (pGG25AX), were introduced into GGYl:SV15 after treatment with lithium acetate (15) . Yeast cells were grown in selective media lacking histidine but containing 2% galactose, 3% glycerol, and 2% lactic acid, pH 6. P-Galactosidase assays (9) were performed in triplicate; the standard error was less than 15%. Immunoprecipitation of the various GAL4 derivatives with an anti-GAL4(1-147) serum revealed no significant differences in the amounts of the proteins (data not shown).
RESULTS
Human ZFY detects transcripts in both female and male mice. The genomic insert of plasmid pDP1007 encodes the zinc finger domain of human ZFY (33) . When hybridized to mouse genomic DNAs at low stringency, pDP1007 detects related sequences on the Y chromosome (Zfy-J and Zfy-2), the X chromosome (Zfx), and autosome 10 (Zfa) (30-33; Page et al., in press). At moderate stringency, pDP1007 hybridizes only to Zfx and Zfa. When hybridized to Northern blots at moderate stringency, pDP1007 detects transcripts of 6 and 7.5 kb in mouse embryo RNAs (Fig. 1) . These transcripts, which are present in both males and females, must derive from either Zfx or Zfa. Similar results were obtained with newborn male liver RNA (results not shown).
In order to further characterize these transcripts, a cDNA library prepared from newborn male mouse liver RNA was screened with human ZFY probe pDP1007 under the same conditions used for Northern analysis. One of the cDNA clones isolated, pDP1115, contains an insert of 6.8 kb (Fig.  2A) .
A cDNA clone derived from mouse Zfx. Using Southern analysis, we determined that cDNA clone pDP1115 is derived from mouse Zfx. The 5'-most 2.7 kb of the cDNA ( Fig.  2A , probe 1) detects 1.9-and 2.1-kb EcoRI fragments in genomic mouse DNA (Fig. 2B) (Fig. 2A, probe 3) detects only the 5.3-kb EcoRI fragment, demonstrating that cDNA clone pDP1115 is derived from Zfx (Fig. 2B) .
Using Northern analysis, we determined that Zfx cDNA clone pDP1115 corresponds to the 7.5-kb transcript detected in whole embryo RNA (Fig. 1) . Probes 1 and 2 detect the same 6-and 7.5-kb transcripts in mouse poly(A)' RNA as those seen with human ZEY probe pDP1007 ( Fig. 1 and 2C ). Probe 3, however, detects only the 7.5-kb RNA (Fig. 2C) , demonstrating that cDNA clone pDP1115 corresponds to that particular transcript. As probe 3 is an X chromosomespecific probe (Fig. 2B) (Fig. 4) . The first AUG in this frame (Fig. 4 , position 1) occurs in a sequence context that is favorable for initiation of translation (17) . Beginning at this putative initiation codon, the open reading frame encodes a protein 799 amino acids in length, with a predicted molecular weight of 90,000. The AUG codon is preceded by a 5' leader of 145 nucleotides containing stop codons in all three reading frames. A putative 3' untranslated sequence of 4,163 bases is followed by 65 adenosines. A canonical AATAAA polyadenylation signal (7) occurs 26 nucleotides 5' of the poly(A) track. Several other potential polyadenylation signals are also present within the 3' UTR.
Comparative analysis of a second cDNA clone suggests that Zfx transcripts undergo alternate splicing and polyadenylation, which may account for the difference in lengths of the 6-and 7.5-kb Zfx transcripts (Fig. 2C) . The nucleotide sequence of cDNA clone pDP1119, 5.7 kb in length, is identical to that of Zfx cDNA pDP1115 from nucleotides -31 to +5458 (Fig. 4) . However, sequences 5' of position -31 in the two clones appear unrelated, perhaps the result of alternate splicing. As a result of alternate polyadenylation, the 3' UTRs of these two cDNAs differ in length by 1.1 kb. The significance of alternate processing of Zfx transcripts remains to be determined.
The predicted Zfx amino acid sequence is very similar to both mouse Zfy-1 and Zfy-2 (1, 25) over the entire length of the protein (Fig. 5) . The Zfx and Zfy proteins have nearly identical amino and carboxy termini. Like the Zfy proteins, Zfx has two large domains: a highly acidic amino-terminal portion, with nearly 25% aspartic or glutamic acid residues, and a carboxy-terminal region encompassing 13 zinc fingers. The acidic domains of Zfx and Zfy are 60% identical, with seven insertions or deletions of 1 to 11 amino acids. In contrast, the zinc finger domains are 80% identical, with no insertions or deletions. In Zfx, as in the Zfy proteins, a short basic sequence is located between the acidic and zinc finger domains (Fig. 5) . Similar basic regions serve as nuclear localization signals in several proteins (5, 6, 19, 22 mals, the Zfx 3' UTR detects sequences conserved on the X chromosome. In each species, the Zfx 3' UTR detects one or two restriction fragments common to male and female but about twice as intense in female (Fig. 6 ). These conserved sequences are present in both the 6-and 7.5-kb transcripts detected in mouse RNA (Fig. 2C, probe 2) .
Zfa is a processed gene derived from Zfx. Zfx transcripts and the Zfa genomic locus exhibit extended sequence similarity, with sequences derived from the Zfx 5' UTR, coding region, and 3' UTR cross-hybridizing to Zfa at high stringency ( Fig. 2B) [39] .) On both sides of this splice, the Zfa genomic sequence is nearly identical to that of the Zfx cDNA; the intron has been precisely excised in Zfa. On the basis of the small size of Zfa, the lack of at least one intron, and sequence similarity to Zfx cDNAs, we conclude that the Zfa locus derives from a processed Zfx transcript. The absence of such an autosomal locus in most placental mammals suggests that this retroposition occurred during rodent evolution. Since some processed genes encode functional proteins (e.g., human PGK-2 [ (24) . The Zfy-1 and Zfy-2 proteins (1, 25) are 95% identical (Fig. 5) and may be functionally redundant. The mouse Zfx protein is 70% identical to the mouse Zfy proteins and exhibits the same two-domain structure: the aminoterminal half is acidic, while the carboxy-terminal half contains 13 Cys-Cys-His-His zinc fingers (Fig. 5) .
Acidic and DNA-binding domains are found in combination in many eucaryotic transcription activators (11) (12) (13) 23 P 799  2281  ATCTCCATTCATACGAAAGACTATCCTCACCGCTGTGAGTACTGCAAGAAAGGATTCCGAAGACCCTCGGAAAAGAACCAGCACATAATGCGACATCATAAAGAAGTTGGCCTGCCCTAA  2401  CAGTACTCTTCATAGCTGTTTGTAGAGAACTGGCCTTGAAACAGAAAATTCATTTAAAAGCCAATCAGTCTTGTTCACATACAATACTGTATATTGATTTATGCTGTGTACAAATAGGAT  2521  TATTGCTTCTAGTTGACTGTTTTTACGTTTTGTTCAATAGTGTGTTCTGAATTCTATTCAGTTTGTTTMTACATGGGAAAAAGCAGCMCACGTTAGTTGCTTTTACTAGTAATCCC  2641  TGATTCTATACTGAAGTTTTCTATCTTAGAAGTTTTATATTTATTTTAAAATATTTACCTTGCTTACCTTGATGGTACTCTTGTAAGACCAGTTAACTCATGGTMCTCTGCATTGGTAA  2761  CTGAAAGGATTCATGTGGACTTTTTGTCTCACAAATTTCTCACAATTAAATCGTCAAGAGACATCTMTGGAATGGGAGATTTTGTATGGTGAGGTCTCATGCTCGTMCATGGAAGTCA  2881  TTTACTTGTCTTGCTTAGTAATGTAGACTGTATGACAATGAMGTTTTCCTATGAACTCTTGTGTCCCTGGCATCGCTGTGTAGAAGAGCAGTAGCTGGGTTTGTGTTTACCTTTCTTTC  3001  TGATTTTTTTTCCTTTTTAGTGGAGAAAATACACTTTTTTTTTCCTTTAGACTCTTTCTTTACATCTTCTGTCAGTGTAGTAAACTTTTAGAAAACCTTGTTGMAATTTTTGCTTGATC  3121  CTGTTGTATTTTGATTATTTTATCTGTGCTGCTTTGTCTTGGMTGGTTGTGTGCTCCAAATGMATTTMCTGMGACTGCATTTTGGAATCTCCTAGGGTMCTTGTGGCTCATAGG  3241  ATCTTTTGCAACTTTATATATGTMATGTACCCTGMTTATATATATCTATCTATATATACACATATATATGTAACATGTATCTGTGTGTATTGCTTATTTTACATACTTATACACACAA  3361  CCCCCAGTAGTAGTTCTTTAAAATCTATAATGAAAAGTATTMMTTTACAGTAACATGAMGATCCAGGGATGCMGAGAGAGCATTTTGTMGTCTTGCTCTTCAGAGAGACTACTCAG  3481  GTGAAGAATTAGMGGAAAATAAGGACACTAGTATTTTTAMGAGTAMGGTATTTTCTTTTAAATATCTTTGGTAATTGAAAMTAGAGGTTMGATGTTTATAGATACMTGTTTTCA  3601  TACAGTTTCAACTCCATGCCTTTATATTTTTCTGAAAAGCTMTGGGTATCCAGACATGMTCCCCCAGTTCTCTCTGATMGCCGGAGAGGGAACTCTTGTCTGACCAAGCGAGGGGGA  3721  CAGAMGGGAGTGATGGCTCCGTGGACCAGTGAACGGGTGCTAAGGAGGACTTAGACTCGGCCAGTTGAGCCTGCTCTGTTAGTTCTTAGTTAACTAGAAAAACTTMCACTCGCTTGTC  3841  TTGGATTACACGATAGAGGTGTGGTCCMGTGTGTGAACAGTCTGAGGCCTCACTTGGATCCTTACCAAGTCTTTCACAGTTTTGTTTTTGAGAGCTGGCMTTTGTAACATACAGGTCT  3961  GATCGCTGATAAAATTTGTAAAAATMGTTGGATATTAAGATTTTTGTTAAGATGTCTTTTTGGAAAACCGTTTCTAGAGTCCCTGGAATTGGCTGTTGGCACACGGGTCTGGCACATCA  4081   CGGGAGACTTAGATGTTTCTTCCCACTCGATAGCTCCCTTGCTGCCTCATTATGGTGCTCCATCCCTTTCGTGCCGTTAGTTTTGACCTTCCATCCTTCTCTTTGTCATCMGATTTGTA  4201  TTCAAAAGTTATATTTTTGGGGTTAGATGTCTTGAGTATTTGGTGTTTGGCMMCCTCTGAAGTGCTAGATCGATTTAGTCTAGTTCTAAATCMATTCTTAAGGCTGGTATGAAGTCCA  4321  CTCAATGCCAGTCMTGCCAAGGCAGGGTTCCCTMGCTTCCCACCCGCTAGGACTCCTTTTACCTTTGTAGCCTCTGCMTGTGCTTTAAMTACATCACMCTATGATTTGTTTTA  4441  TTGCCCTGTTATTCTTGAAAGCTGTCTTTTTTGTGAGMCTTTTMMCCTACTTCATTTTTTCCCCAGAAGTMTATMMCACCTGACATTGAMTTTATGMMTTTMGMTCATCT   4561   ACAATCAGTACAGAACMMTGATTGGACTATTTMCATATATTTTTTTMATAAACTGAMGATAAGGMCACTTTACACMTTTATATTTCTCTTTACATAATCTGGAACCACACAGTT  4681  CTTTTCTTTTTAAAGCACAATATTGAAGCCTTTAAAAGGTATTTMGGGTTTGGTCMGTGMTATMMTGTGTCTGTATAAAMGAAAATGAAGTAGTCACTGTTACGTACTGACATT  4801  AGTTACMCCTAGTTTTAATTCTTMAACAATTTTGATTAGCAAAGCTAAMAAGGGTGTTTCAGTTAAATGTTTTAAAGAGGTACAGATTTTTACAAGGACATAATATMGTTATTGTT  4921  CTGTAGAAATATCCTATTAAATATTGTATGTCCCTCCCTCTGTATACTTTGTAMAAAAGTAAAATACATAAAAAGAAAATCATATAGGGGATGTGTGACATTATTGTAATTGTGTACTT  5041  GAGAATAACGTGCAAAAATAAAAATCAGAATATTTTCCTGTTAACGMTGTTCAGTCTATTTGATACCAGTACTMGTTAAAGCTTTTTCTTAAGAMGMAATGTACAGTTTTTGTAAA .S acidic
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[. T [25] ) are compared. Dots represent identity to Zfx, while dashes indicate gaps in one sequence compared with another. A short basic sequence (dashed box) is located between large acidic and zinc finger domains. In the zinc finger region, the sequences are aligned as six and one-half repeats of a 57-amino-acid unit (each composed of two fingers and two linkers), as previously reported for human ZFY and ZFX and mouse Zfy-2 (25, 33, 39) and which we note is also present in mouse Zfy-1 (1). The invariant cysteines (C) and histidines (H), characteristic of zinc finger domains, are boxed. (Fig. 8) . The machinery with which transcription factors interact appears to be conserved between yeasts and mammals; the intact mammalian estrogen and glucocorticoid receptors will, for example, activate transcription in yeast cells, given appropriate binding sites (28, 38) . Therefore, we believe that our yeast experiments shed light on the function of the Zfx and Zfy proteins in mice.
The sequence similarity between the products of Zfx and Zfy reinforces previous evidence (33, 39) (Fig. 4, codon 227 ) that could allow production of a similar truncated isoform. (A methionine codon is also present in homologous positions in Zfy-1 and Zfy-2 [ Fig. 5 (25, 31) . In contrast, Zfx appears to be widely transcribed in embryos, newborns, and adults, both female and male (Fig. 3) .
Second, Zfx and Zfy differ dramatically in their 3' UTRs. While the 3' UTRs of Zfy transcripts are less than 200 bases long, Zfx transcripts contain 3' UTRs of 3 to 4 kb (Fig. 4) . The mouse Zfx 3' UTR cross-hybridized to X-linked, presumably Zfx-associated sequences in all placental mammals tested (Fig. 6) . In fact, nucleotide sequence analysis of a human ZFX cDNA reveals that its 3' UTR is 83% identical to 2.7 kb of the mouse Zfx 3' UTR (Schneider-Gadicke et al., in press). Conservation of long segments of 3' UTRs has been observed in several other genes (14, 18, 20, 21, 34 (Fig. 2A, probe 2 ) was hybridized at low stringency to EcoRI-digested male (XY) and female (XX) genomic DNAs from a variety of mammals. A scale in kilobases is shown at the right. the c-fos 3' UTR has been implicated in transforming potential and message stability (20, 27, 36) and the protamine 3' UTR regulates translation (2) , the function of conserved 3' UTR domains is generally not well understood.
Third, as assayed in yeast cells, the acidic domains of the Zfx and Zfy proteins differ in the degree to which they activate transcription. Mutations in an activating region of GAL4 have similar effects on activation in mammalian and yeast cells, suggesting that determinants of activation potency are conserved in yeasts and mammals (G. Gill, unpublished data). We have shown, in yeast cells, that a GAL4-Zfy-2 fusion protein activates transcription 18 times as effectively as a similar GAL4-Zfx fusion (Fig. 8) . Mutational analysis of a GAL4-activating region demonstrated a strong correlation between the acidity of the region and potency of activation (9) . However, the amino-terminal portion of Zfy-2 is a more potent activator despite being less acidic than the corresponding portion of Zfx (net charge, -68 versus -77, respectively). Thus, other structural features must affect the efficiency of activation (10 VOL. 10, 1990 tion. The functional relationship of these genes and their putative role in sex determination are being tested in transgenic mice.
